




































































































































































CHAPTER4 

ISM ANALYSIS FOR HYBRID EDM 

4.1. Introduction: 

A · conventional EDM process would hardly be a complete solution for present 

industrial metal cutting requirement. Lots of research work is going on throughout the 

world to ameliorate its productivity and process stability. The stationary machining 

gap between the tool electrode and the workpiece is usually replaced with 

reciprocating motion of work pieces to regulate the fresh dielectric circulation -in the 

gap. This perception is still under developing stage. The evaluation and optimization 

for Hybrid-EDM performance and it' s parameters is intricate in this perception. There 

are different technical difficulties associated with execution of this process (Hoang 

and Yang, 2013). The measures and attributes in Hybrid-EDM, contrast each other, 

and generate uncertainty conditions and yield loads of space for further growth. Vital 

conditions for accomplishing productive _in Hybrid-EDM comprise in understanding 

the present and forthcoming objective and attribute of the Hybrid-EDM. There is a 

requirement for basic, orderly and logical scientific approach for analyzing of 

different perceptions considering in EDM. To come up to such labyrinthine 

difficulties of UV implementation in EDM framework, the authors have proposed 

Interpretive Structural Modeling (ISM) & MICMAC analysis methodologies. ISM 

approach is necessary for effective and economical execution_ of such innovative 

technological reforms. This approach is helpful to understand the highest productivity 
. . 

of diverse perceptions and resources for access to predetermine _ multiple objectives · 

and attributes problem like Hybrid-EDM: Singh and Khamba, (2011) used ISM 

approach for modeling the utilization barriers in _Advanced Manufacturing 

Technologies (AMTs).The target of ISM and MICMAC inve_stigation approach_ was . 

to recognize fitting determination character_istics, and to acquire the most suitable 

blend of parameters in conjunction with the genuine meta_l cutting req~irement. . An 

undertaking has been fixed through this present study to recog~e the nature and 

thusly surveyed interdependency and heritage of different dependent and ·ctriver 

variables in EDM process. The results of this work are validated further with the 

execution of continuous ultrasonj. vibration in Wire-EDM in phase-II & Ill. 
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4.2. Application of Interpretive Structural Modelling (ISM): 

ISM strategy is an intuitive learning process and assist in ameliorate order and 

direction of miscellaneous correlation among the parameters a framework. Most 

often, the capability of a manufacturing process is analyzed considering a selected 

driver controllable variable with the objective of optimizing dependent variables. 

Contingent upon the technical and financial needs of a perception and the 

manufacturing requirement, a few criteria may have essential or optional parts of the 

general machining capability assessment. Nonetheless, appropriate and exhaustive 

judgment for a manufacturing perception can be carried out simply by looking at all 

of diver and dependent parameters concurrently. In this proposed study, an 

arrangement of indirectly and straightforwardly parameters influencing 

comprehensively the Hybrid-EDM process is organized through a fundamental 

digraph model. This is a unique approach in this direction, i.e., simultaneous 

consideration of all the driver and dependent variables in manufacturing technology. 

The ISM and MICMAC analysis facilitate in formalizing a generalized digraph 

structure of complex properties. According to Attri and Grover, (2015), this 

methodology is a convincing conditional approach which has already been applied 

successfully in various decision making areas. This approach provides better logical 

and diagrammatic visualization into the system as a whole. The mathematical 

foundations of the ISM methodology can be found in various reference works. 

Govindan et al., (2010) applied ISM approach for auto industry supplier development 

and found that, the ISM methodology's major limitation, prejudices of the individual 

who is deciding upon the parameters. This limitation is removed by exhaustive 

literature review and confirmation experimental investigation for familiarity and 

understudies the relations among the variables. 

Moreover, in ISM methodology, no weights are associated with the parameters 

correlation with respect to their relative influence. A generalized systematic 

streamline flow chart for the ISM strategy is depicted in Figure 4.1. 

4.2.1. Identification of the various drivers: 

It has been acknowledged that the performance of ultrasonic vibration to EDM 

framework is an intricate endeavor. On that point are certain factors which impede the 

performance of ultrasonic vibration in Hybrid-EDM process. The sixteen fundamental 
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parameters for execution of perceptions of ultrasonic vibration in Hybrid-EDM have 

been perceived in Table 4.1 as taking over; 

Expcrimc,uation List the parameters involved in the perception of 
Ultrasonic Vibration in Hybrid EDM (X~ 

Determine contingcn~correlalion (Xij) 
between parameters (i j) 

V - Parameter i_guide to attain objective j ; 
A- Parameter j guide to attain objectivei; 
X - Parameter i and j guide to attain each 
other; 

Literature/Ex pen 

opinion 

0 - Parameters i and j are independent. 

Develop a Structural Self-Interaction Matrix (SSJM) 

lftlic (i, J) recorded in the SSIM is v. the (i, j) recorded in the reachability matrix is enrolled to 
I and the G, i) recorded is enrolled to 0. 
lflhc (i, j) recorded in the SSIM is A, the (i,j) recorded in the reachability matrix is enrolled to 
0 and the G, i) recorded is enrolled to I. 
If the (i, j) recorded in the SSIM is X, the (i,j) recorded in the reachability matrix is enrolled to 
I and the G, i) recorded is enrolled to I. 
lftbc (i, JI recorded in the SSIM is 0, the (i, j) recorded in the reachability matrix is enrolled to 
O and the G, i) recorded is enrolled to 0. 

Revise reachability 
Matrix 

Atomization of Reachability Matrix at various levels 

Developmenl of conical form of Final Reachability 

MICMAC an>lysls 

Enumerate driver and driven c.oefflcienl of selected 
parameters 
Chai:actcrizc sub-elements in four Domains 

Interactive Structural Modeling 

• Plot vague interactive stn.Jctural Model Diagraph 
• Etimina1e transitivity from the Model digraph 
• Replace parameters nodes wi1h correlation Contingent 

Eslablish relalionship acknowledgemenl into l_SM mo~el for l~e paramelers involved in the 
perception ofullrasomc v1brallon m Hybnd-EDM 

End 

Figure 4.1. The flow chart for the ISM & MICMAC methodology 
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Table 4.1.Drivers of Ultrasonic vibration assisted Hybrid-EDM. 

Parameters Reference 

Metal Removal Rate (Chen and Lin, 2009) (Masuzawa and Heuvelman, 1983) (Prihandana et al., 2009) (Nani, 

2017) (Gao and Liu, 2003) (Egashira and Masuuwa, 1999) (Shabgard and Alena bi, 

2015) 
Tool Wear Rate (Prihandana et al., 2011) (Egashira & MasUlJlwa, 1999)(Shabgard and Alenabi, 2015) 

Surface Roughness (Chen and Lin, 2009) (Masuzawa and Heuvelman, 1983) (Abdullah et al., 2009) 

Thickness heat effect laver (Kremer et al., I 991) (Abdullah and Shabgard, 2008) (Mesee el al., 2014) 

Ultrasonic field forces (Kremer et al., 1989) (Liew el al., 2014) (Gao and Liu, 2003) 

Suction & Exhaust of (Jujhar Singh et al., 2011) (Ogawa et al., 2012) (Gao and Liu, 2003) 

action for fresh dielectric 

Evacuation of gas bubble (Zhixin et al., 1995a) (Zhixin et al., 1995b) (Guo el al., 1997) 
debris 
Stirring effect (Hoang and Yang, 2013) (Liew et al., 2014) 

Amplitude of vibration (Kremer et al., 1989) (Murti and Philip, 1987) 

Acoustic Pressure (Kremer et al., 1989) (Gao and Liu, 2003) (Ogawa et al., 2012) 

Arcing & short circuit (Ghoreishi and Atkinson, 2002) (Lin et al., 2001) (Shabgard el al., 2011) 

D_!:bris concentration (Nishiwaki et al., 2008) (Yu, et al., 2009) 

Discharge wave 
distribution 

(lwai et al., 2013) (Lin et al., 2000) (Guo et al., 1995) 

Micro-cracks and pin-holes (Khosrozadeh and Shabgard, 2017) (Jujhar Singh ct al., 2011) 

Residual compressive (Kremer et al., I 989)(Guo et al., I 997)(Khosrozadeh and Shabgard, 2017) 

stress 
Micro-Hardness (Shabmd et al., 2011) (Jujhar Sinuh et al., 201 l l 

4.2.2. Development of Structural Self-Interaction Matrix (SSIM): 

In view of the relevant relationship between distinguished affecting parameters, a 

Structural Self-Interaction Matrix (SSIM) was created in Table 4.2. This matrix shows 

the combine shrewd connections among the driver parameters influencing the 

implementation of ultrasonic vibration for the conventional EDM under thought. 

Table 4.2.Structural self-interaction matrix for the Hybrid-EDM drivers. 

Variables 16 I I I I I I 9 8 7 6 4 3 2 
5 4 3 2 I 0 

Metal Removal Rate(MRR) V .v V A V X A A A A A A V X X -
Tciol Wear Rate(TWR) 0 0 0 X X X X 0 0 0 0 X V V 

Surface Roughness(Ra) . 0 . 0 A A A A A A A A A A A 

Thickness of heat effected Zone X X · O A 0 A A 0 A A A 0 

Ultrasonic filed forces · . O 0 · 0 0 V 0 V 0 V V V 

Suction & Exhaust of action of fresh V V . v · · V V V A A V V 

• dielectric 
Evacuation.of gas bubble debris V · V v. V V V A A A 

Stirring effect V V · v V V V A A 

Amplitude <ifvibrati<m 0 0 0 V 0 0 V 

. Acoustic pressure b 0 .0 V V 0 

Arcing & short circuit V .y V A X 

Debl'ls concentration 0 0 V V 

Discharge wave Distribution V . v V 

M icro-cracks&pin-holcs A 0 
. Residual compressive stress · v· 

16. MicrD'Hardness · 
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4.2.3. Reachability Matrix: 

The rudimentary reachability matrix IS produced from the structural self-

communication framework (SSIM) produced in the preceding paragraph utilizing to 

generalize systematic streamline flow chart for the ISM strategy from Figure 4.1. The 

ultimate reachability matrix in Table 4.4 is driven from the rudimentary reachability 

grid from Table 4.3 considering the transitivity control, which expresses thar-if a 

variable 'A' is correlated with 'B' and 'B' is correlated with 'C', at that point 'A' is surly 

correlated with 'C' 

Table 4.3.Rudimentary reachability matrix for th~ variables. 

S. 
Variables 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 No 

1. Metal Removal Rate 1 1 1 0 0 0 0 0 0 1 1 0 1 1 1 
2. Tool Wear Rate 1 1 1 1 0 0 0 0 1 1 1 1 0 0 0 
3. Surface Roughness 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

4. Thickness ofheat 
0 0 0 0 0 

effected Zone 0 0 0 0 0 0 0 

5. Ultrasonic Field forces 0 0 1· 0 0 0 0 0 

6. 
Suction & Exhaust 

0 0 0 0 
action of fresh dielectric 

7. Evacuation of gas 
0 0 0 0 0 0 

bubble debris 
8. Stirring affect 1 0 1 1 0 0 1 1 0 0 1 1 1 1 1 1 
9. Amplitude of Vibration 1 0 1 0 0 1 1 1 1 1 0 0 1 0 0 0 
10. Acoustic pressure 1 1 1 1 0 1 1 1 0 1 0 1 1 0 0 0 
11. Arcing & short circuit 1 1 1 1 0 0 0 0 0 0 1 1 0 1 1 1 
12. Debris concentration 0 1 1 0 0 0 0 0 0 0 1 1 1 1 0 0 

13. 
Discharge wave 

0 0 0 0 0 0 0 1 
Distribution 

14. 
Micro-cracks & Pin-

0 0 0 0 0 0 0 0 0 0 0 0 0 0 
holes 

15. 
Residual compressive 

0 
stress 

0 0 0 0 0 0 0 0 0 0 0 0 

16. Micro-Hardness 0 0 0 0 0 0 0 0 0 0 0 0 0 

Table 4.4 Ultimate reachability matrix for the variables. 

Variables 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
Driver 

ower 

1 1 1 0 0 0 0 1 1 1 1 1 1 12 

2 1 1 1 1 1 0 1 1 1 1 1 1 15 

3 0 1 0 0 0 0 1 1 1 1 1 1 11 

4 0 0 0 0 0 0 0 0 0 0 1 1 6 

5 1 1 1 1 1 0 1 1 1 1 I 1 15 

6 1 0 I 1 I 0 0 1 1 1 1 I 13 

7 I 0 0 1 0 0 0 I I 1 I 1 11 

8 1 0 0 I 1 0 0 1 1 I I 1 12 

9 I 0 1 1 1 1 1 I I I I I 15 

10 I 1 1 I I 0 I 1 I I I I 15 

11 I I 0 0 0 0 I I I I I I 12 
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12 I I I I I 0 .o 0 0 I I I I I I 1 12 

13 I I I I I 0 0 0 0 I I I I 1 I 1 12 

14 I 0 I 0 0 0 0 0 0 0 0 0 0 I 0 0 3 

15 0 0 I I 0 0 0 0 0 0 0 0 0 I I I 5 

16 0 0 I I 0 0 0 0 0 0 0 0 0 l l l 5 

Dependence 14 11 16 15 8 5 7 7 l 9 12 12 12 16 15 15 

ower 

4.2.4. Atomization of Level: 

The ultimate reachability matrix acquired in paragraph 4.2.3 was atomized into 

various stratums. The reachability and precursor group of all driver were established 

from the ultimate reachability matrix of Table 4.4. The reachability group formation 

for a distinctive driver comprises of self and other equivalent drivers which it might 

assist to fulfill. The Precursor group formation comprises of usual drivers and other 

equivalent drivers which it's supposed to accomplish. The convergence of both these 

groups was additionally inferred for all drivers is thought to be in level I and is given 

the best placement in the ISM chain of importance. With this atomization, cycle 

Repetition I in Table 4.5 is accomplished. 

Table 4.5 Cycle Repetition -1 ; atomization of level for drivers 

Reach ability group Precursor group Intersection 

l. 
l ,2,3,4,5,10, l l ,12,13,14,15, l6 l,2,3,4,5,6,7,8,9,lO,l l , l2,13, 1,2,4,5, 10, 11, 12, 13, 14 

14 

2. l ,2,3,4,5,6,7,8,10,l l ,l2,13,14,15,16 l ,2,5,6,7,8,9, 10, 11 , 12, 13 1,2,5,6, 7,8, 10, 11, 12, 13 

3. 
1,3,4,5,10, 11, 12, 13, 14, 15, 16 l ,2,3,4,5,6,7,8,9,l 0, 11, 12, 1_3, l,3,4,5,10,l l ,l2,13 

14,15,16 14,15,16 

4. 
l,3,4,14,15, l6 l ,2,3,4,5,6,7,8,9, l 0, 11 , l ,3,4,15, l6 

12,13,15,16 

5. l ,2,3,4,5,6,7,8, l 0, 11,12, 13, 14, 15, 16 l ,2,3,5,10,l l , l2,l3 r,2,3,5; 1 o, 11, 12, 13 

6. l ,2,3,4,6;7,8, 11, 12, 13, 14, 15, 16 2,5,6;9,10 2,6 

7. l ,2,3,4,7, l l,l2,13,14,15,l6 2,5,6,7,8,9,lO 2,7 . 

8. l ,2,3,4,7,8,l l ,12,13,14,_15,16 2;5,6,8,9; l 0 2,8 

9. 1,2,3,4,6,7,8,9, 10, 11, 12,H, 14, 15, 16 9 . 9 

10. l ,2,3,4,5,6,7,8, 10, 11,12, B ,14,15,16 1,2,3,5,9, IO,l l ,12J3 l,2,3;5,10, l l,12,13 

11. l ,2,3,4,5,10,11 ,12,13,14, i5, l6_ l ,2,3,5,6,7,8,9;10,11,12,13 l ,2,3,5,10, 11, 12, 13 

12. 1,2,3,4,5,10,l l ,12,13,14,15,16 l ,2),S,6,7,8;9,10,l l,l2,l3 1,2,3,5, l 0, 11, 12, 13 

13. 1,2,3,4,5, 10, 11, 12, 13,14, 15, 1_6 I ;2,3,5,6, 7,8,9, 1 O; 11, 12, 13 1,2,3,5,10,11;12,13 

14. 
l·,3;14 1,2,3,4,5,6,7,8,9,10,- : 1,3,14 

11 , J-2, 13, 14, 15, i6 

I 5. 
3,4,14,15,16 1,2,3,4,5,6,7,8,9, 10, 3,4,15,16 

l l ,12,13,15,16 

16. 
3,4,14,15,16 1,2,3,4,5,6,7,8,9, I 0, 3,4,15,16 

11, 12, 13, 15,16 

Table 4.6 CycleRepetition-2; atomization of level for drivers 
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Reach ability ![oue Precursor groue Intersection Level 
1. l,2,4,5,10,l l,l2,13,l5,16 l,2,4,5,6,7,8,9, 10, 11,12,13 l,2,4,5,10,11,l2,13 
2. 1,2,4,5,6, 7,8, 10, 11, 12,13, 14, 15, 16 1,2,5,6, 7,8,9, 10, 11, 12, 13 1,2,5,6, 7,8,10,11,12,13 
4. 1,4,15,16 1,2,4,5,6,7,8,9,10,l l,12,13,1 1,4,15,16 II 

1,2,4,5,6, 7,8, 10, 
5,16 

5. 1,2,5, 10, 11, 12, 13 1,2,5,10,l l ,l2,13 
11,12,13,15,16 

6. l,2,4,6,7,8,l l,12,13,15,l6 2,5,6,9,10 2,6 
7. l,2,4,7,l l,12,13,15,l6 2,5,6,7,8,9,10 2,7 
8. 1,2,4, 7,8, 11, 12,13, 15, 16 2,5,6,8,9, 10 2,8 
9. 1,2,4,6, 7,8,9, 10, 9 9 

l l , 12,13,15,16 
10. 1,2,4,5,6,7,8, 10,11,12, 13, 15,16 l,2,5,9,10,l l,12,13 1,2,5,10,11,12,13 
11. 1,2,4,5, 10, 11, 12, 13, 15, 16 1,2,3,5,6, 7,8,9, I 0, 11,12, 13 1,2,5, 10,11 ,12,13 
12. 1,2,4,5, 10,11, 12, 13, 15, 16 l,2,3,5,6,7,8,9,I0,l l,12,13 1,2,5,10,I I,12,13 
13. l ,2,4,5,10,l l ,12,13,l5,l6 l,2,3,5,6,7,8,9, 10,11,12,13 1,2,5, 10, 11,12, 13 
15. 4,15,16 l ,2,4,5,6,7,8,9, I0,l l,l2,13,1 4,15,16 II 

5,16 
16. 4,15,16 l,2,4,5,6,7,8,9, 10,11,12,13,1 4,15,16 II 

5,16 

Table 4.7 CycleRepetition-3; atomization of level for drivers 

Reach ability groue Precursor l[OUe Intersection Level 
1. l ,2,5, I0,l l,12,13, 1,2,5,6,7,8,9, 10, 11, 12,13 1,2,5, IO, I 1,12, 13 m 
2. 1,2,5,6, 7,8,10,11 , l 2, 13 l ,2,5,6,7,8,9, 10, 11, 12, 13 1,2,5,6, 7,8, 10,11, 12, 13 III 
5. l,2,5,6,7,8,10, l,2,5,10,11,12,13 · l ,2,5,IO, 11, 12, 13 

11,12,13 
6. 1,2,6, 7,8, 11 , 12, 13 2,5,6,9,10 2,6 
7. 1,2,7,11,12,13 2,5,6, 7,8,9, 10 2,7 
8. l ,2,7,8,l l,l2,l3 2,5,6,8,9,10 2,8 
9. 1,2,6, 7,8,9, !0,11,12,13 9 9 
10. 1,2,5,6, 7,8, I 0,11 ,12, 13 1,2,5,9, 10, 11, 12, 13 l,2,5,IO,l l,12,13 
11. 1,2,5, !0,ll ,12,13 l,2,3,5,6,7,8,9,10,11,12,13 l,2,5,IO,l l,12,13 III 
12. 1,2,5, 10,11, 12, 13 l ,2,3,5,6,7,8,9,10,l l,12,13 l,2,5,IO,l l,12,13 m 
13. 1,2,5,10,l l ,12,13 l,2,3,5,6,7,8,9,1 0,11,12,13 1,2,5,10,l l ,12,13 Ill 

Table 4.8 CycleRepetition-4; atomization of level for drivers. 

Reach abilit~ groue Precursor l[OUE Intersection Level 
5 . . 5,6,7,8,10 5,10 5,10 

6. 6,7;8 5,6,9,10 6 
7. 7 2,5,6,7,8,9, 10 7 IV 
8. 7,8 5,6,8,9,10 8 
9. 6,7,8,9,10 9 9 
10. 5,6,7,8,'10 5,9,10 5,10 

Table 4.9 CycleRepetition-5; atomization of level for drivers. 

· Reach ability group Precursor group Intersection Level 
5. 5,6,8, 10 5, 10 5,10 
6. 6,8 5,6,9,10 6 
8. 8 5,6,8,9,10 8 V 
9. 6,8,9,10 9 9 
10. 5,6,8,10 5,9,10 5,10 
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Table 4.10 CycleRepetition-6; atomization of level for drivers. 

Reach ability {[oue Precursor {[OUE Intersection 

5. 5,6,10 5,10 5,10 

6. 6 5,6,9,10 6 

9. 6,9,10 9 9 

10. 5,6,10 5,9,10 5,10 

Table 4.11 CycleRepetition-7; atomization of level for drivers. 

Reach ability groue Precursor f[OUE Intersection 

5. 5,10 5,10 5,10 

9. 9,10 9 9 

10. 5,10 5,9,10 5,10 

Table 4.12 CycleRepetition-8; atomization of level for drivers. 

9. 
Reach ability {[Oup Intersection 

9 
Precursor groue 
9 9 

Later on the primary cyclic redundancy, the drivers incorporated into layer-I are 

deserted from whatever is entrusted of the drivers, this method is proceeded in Table 

( 4.5-4.12).These cyclic redundancies are preceded until the period of every attribute is 

a established in the hierarchy. 

4.3. Formation of ISM model: 

Table 4.5 infers that the surface roughness and micro-cracks_ & pinholes drivers are 

situated at level I and frame the topmost stratum in the ISM progression of Hybrid~ 

EDM perfonnance. With the assistance of the level atomization appeared in Tables 

4.5-4.12, an ISM model of the different drivers critical for perceptions in ultrasonic . 

vibration assisted Hybrid-EDM was produced, and appeared in Figure 4.2.The 

thickness of heat affected zone, residual stresses and Micro-hardness .drivers are _ 

situated at stratum II; the discharge wave distribution, Debris concentration, arcing . 

and short circuit, MRR and TWR five perceptions are put' at stratu~ III; · the 

evacuation of gas bubble debris, Stirring effect and suction and exhaust action of fresh 

dielectric medium perceptions are grouped at level IV, V and Vl exclusively; and the 

ultrasonic field force and acoustic pressure parameters fall in at stratum VI; and 

amplitude of vibration compel in bottom stratum VIII. 
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The cycle reiteration is finished in eight stages, Tables 4.5-4.12 represents all the 

repetitions starting form elementary to final stratum of each parameter perceptions. 

This model indicates the dependency of various parameters selected for the 

implementation of ultrasonic vibration perception in traditional EDM. Kumar et al., 

(2016) proposed a Graph theory model to explain the perception of UV in EDM. They 

classified the parameters affecting the performance of Hybrid-EDM in five groups. 

These were flushing, cavitation, abnormal discharge, dimensional accuracy and 

surface morphology. In this study to gain the confidence in proposed ISM Modei all 

parameters could further _be grouped in four major perceptions. 

,--------------------------------------------------------------------------------~----~ : ,---------, .--------~ ~ 
: Surface Micro-crocks & pin• ~ ~ 
' Roughness (3) holes (14} ~ ~ 

• 0 
• ,c .. ~ 
,, 0 

= :E 

Thickness of heat effected Zone (4) 

~ 

~ ~ ,---~------,: .g 
~ ~ Residua/ stress (15) Micro-Hardness (16) 

'------,-----~~ 
------------ --------------------------- ------------------------ --------------~----

: Discharge wove Debris concentration Arcing & short ll f 
: D/stributlon(13) (12) drcuit (11) :: 
I '-----~-- ~-~---~ ~---,---~ II 

MRR(l) 

·--------- ------------------ ------------------- ---------- ,, ----,_. ____ ~-----~------~------~--,i• I 

Evocuotlan of gos bubble debris (7) :: : L---------------..~-----------~ :: : :: f: 11 I 
11 I 
11 I 
'1 I 
1, I 
11 I 
1, I 
•1 I 

Stirring effect (8) 

Suction & Exhaust action of fresh Dielectric (6) 

11 I 

-------------------- ----------------------------!~ ___ j ------------------------­r- - ------------- ------~------ ------- -- -- - -- --- ---;----- , 
: Ultrasonlcfleldforce(9) AcoustlcPressure(10) = ~ c: ' : . . '---- -,,,------' ~ a~ I 

: ~---------------, = ~2 : :· = ~~ : , Amplltude.of.Vibrotfon (SJ • _,.;. , 
I L-_,-------=-:=-:--:-::=========:-:-:-:-: • I I __ . ------•·• . •-•••- •---••-••-•••--•---••••-•••••-•-"•••-- t 

Fig~e 4.2 ISM hierarchy model for the perceptional drivers affecting the Hybrid EDM 

These · four groups are related . to Flushing, Discharge, Ultrasonic vibration and 

surface Morphology.- In other words,. Ultrasonic vibration improves flushing, Flushing 

cause enhancement of in normal discharge, and normal results in better surface 

morphol~gy of machined surface. 
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4.4. MICMAC analysis for affecting and reliance coefficient: 

The MICMAC analysis is also known as Cross-Impact Matrix Multiplication 

method. The objective of this analysis is to identify relevance of the objective and 

parameters selected in perception of UV that are obtained from literature review. 

A causal relationship is built among these objective and parameters, and then finding 

of key parameters affecting the whole system. This approach is quite useful to execute 

a particular perception in manufacturing system like EDM, whei:e a complex 

relationship exists between objective and the parameters. An Applied cross impact 

matrix multiplication is generated to assign sector, and the base is multiplication 

properties of matrices. The outcome of MICMAC analysis is the quantitative value 

assigned to parameters in term of affecting coefficient and reliance coefficient-of 

(Attari & Grover, 2015). The parameters consider in this study is categorized into four 

sectors in as Figure 4.3.The sector-I contain autonomous variables that have low 

affecting coefficient and low reliance coefficient of parameters. These variables are 

relatively inert in nature from a system and having only little inter-relationship that 

could be strong enough. Sector-II accommodates dependent variables that have low 

affecting coefficient and high reliance coefficient -of parameters. Sector-III includes 

the parameters that have high affecting coefficient and low reliance which are unequal 

and any activity on these parameters will have an effect to others. Sector IV includes 

the independent parameters and having high affecting coefficient and high reliance 

coefficient of parameters. 
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16 I I . . I . 
15 9 Sector IV 5 :10 2 

Sector 1111 . 
14 . . 
13 6 . . . 
12 . : 

! 
11,12,ll 1 

11 7 . 3 : 
10 . . . 
9 . . ... . .. .... .. .... ··~••1 . .. .., ....... ... . . . . .... ~-· 8 . . 
7 . . 
6 . 4 . 
s 

I Sector I I 
. I Sector II I 15,16 . 

4 . . 
3 . 14 : 
2 . . . 
1 . . 

1 2 3 4 s 6 7 8 : 9 10 11 12 13 14 1S 16 . 
-+-------- Reliance Coefficient 

Figure 4.3 Affecting coefficient and Reliance coefficient diagram. 

Quantitative values of affecting coefficient and reliance coefficient is the blueprint 

of binary numeral 'ls' in their individual line and segment for each parameter, in a 

definitive reachability matrix as appeared in Table 4.4. Consequently, the affecting 

coefficient and reliance coefficient diagram is constructed which is shown in Figure 

4.3, where variable 1 is having a affecting coefficient of '12' and a reliance 

coefficient of' 14'. Therefore, it is placed at a po_sition corresponding to a affecting 

coefficient of '12' and a reliance coefficient of '14' and so on. 

4.5. Interim Conclusion: 

Due to the complexity of Hybrid-EDM process variables, the drivers involved in the 
. . . . . . . 

implenientation of ultrasonic vibration in COI).ventional EDM process under study pose 

considerable challe~ges for the researchers. Researchers must be aware of the relatl~e 
. . 

importance of the various drivers: and · techniqµes for' imple~enting them. I_SM mod~l · 
. . . 

developed here in·. this study highiight the 16 types of drivers and the interactions 
. ' ' 

between these drivers. These variables can further be groi.iped into · four categories 

using MICMAC analysis 

• 
• 

Group-I: Ultrasonic Vibration (Ultrasonic field force and Acoustic Pressure) 

Group-II: Flushing (Pumping action, Stirring effect and Debris and gas 

bubble debris evacuation) 
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• Group-Ill: Normal Discharge (Discharge wave Distribution, Debris 

concentration and Arching & short circuit) 

• Group IV: Surface Morphology (surface Roughness, Thickness of recast 

layer & heat effected zone, Micro-hardness, Size of Micro- cracks & holes 

and Residual stresses) 

In Figure 4.2, it ·is evident that ultrasonic field force and acoustic pressure are 

significant drivers to achieve the flushing of contaminated dielectric medium by 

pumping and stirring action which ultimately enhance evacuation of debris and gas 

bubbles form due to erosion, which is in tern critical to achieving the Ultrasonic 

vibration in conventional EDM. 

From the l\1ICMAC analysis, there is no such driver that has weak dependence and 

weak driving power as no drivers is mapped in sector I. Next, the Group IV variables 

(Surface Morphology) i.e. surface Roughness, Thickness of recast layer & heat 

affected zone, Micro-hardness, Size of Micro- cracks & holes and Residual stresses 

drivers are found to have weak driving power and strong dependence power so it 

maps to sector II of Figure 4.3. The drivers such as discharge wave distribution, 

Debris concentration, Arching & short circuit MRR, TWR and acoustic pressure are 

found to have strong driving power and strong dependence power so they map to 

sector III of Figure 4.3. 

These drivers are unstable due to the fact that any change occurring to them will 

affect other drivers and may themselves be affected through a feedback mechanism. 

Lastly, Pumping action, Stirring effect and Debris, Gas bubble debris evacuation and 

Ultrasonic field force drivers posses strong driving power and weak dependence 

power so they map to sector IV of Figure 4.3. The scientific model proposed in this 

paper can be utilized to add to a suitable speculation for the execution of ultrasonic 

vibration in conventional EDM process in view of the legacy and interdependency of 

various proposed variables. This would control of process gather and the upgrades 

required in customary Hybrid-EDM process. 

The majority of the scientists in literature affirm this through their experimentation 

as 84% analyst considered flushing of sullied dielectric liquid and 40% surface 

morphology to improve the execution of convention EDM process. Normal 
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discharges condition (23%) driver variables are less investigated by the scientist in 
literature likewise, yet influence the Hybrid-EDM execution fundamentally. The ISM 
model representation shows complex interdependency of variables. Flushing 
influences every other component and it is the major criteria for_ implementing 
ultrasonic vibration in conventional EDM, very noteworthy element in Hybrid-EDM 
system. This approach is new thinking in the domain of Hybrid-EDM. As no new 
work is perfect, the present work is also associated with some limitations. 
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CHAPTER6 
DESIGN AND FABRICATION OF EXPERIMENTAL SETUP 

Ultrasonic vibration · t d H . . · assis e ybnd Wrre-EDM (Hybrid-WEDM) system is used 
as hybrid machining . . · process m this study for better circulation of dielectric and the 
removal of machine d b • Th e ns. erefore, an appropriate frame and housing was 
designed that were ne cessary to accommodate the system and proper functioning of 
the experimental setup. 

Figure 6.1. Developed set up design for Ultrasonic vibration assisted Hybrid-WEDM (Kumar et al., _ 
2018) 

The experimental set up and its important element for this study developed for this 

research work has been described in Figure 6.1. 

6.1. Basic Principle: 

In this experimental set-up, Ultrasonic waves were transferred Indirect to the - · 

workpiece instead of wire. The high amplitude vibration is necessary to develop a 

large pressure gradient to obtain the maximum flushing effect. · Ultrasonic wave 

applied to the workpiece through the proposed cantilever arrangement caused a strong 

drift to gas bubbles and debris by a spatial gradient as shown in Figure 6.2. (a-b). This 

mechanism not only charged the gap with a fresh dielectric with but also allowed 

cooling of the machined surface. This cantilever arrangement provided comparatively 

high acceleration to debris and gas bubble to evacuate than that of the ultrasonic wave 
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transferred perpendicular to the machined surface due to a cyclic spatial variation and 

pressure gradient in upper and lower half of the workpiece. 

(a) (b) 

Figure 6.2. Model for debris and cavitation bubbles removal through gap for Hybrid-WEDM :(a) 

workpiece upward motion due to cantilever motion and (b) workpiece downward motion due to 

cantilever motion 

6.2. Ultrasonic System: 

The proposed ultrasonic system incorporates a ultrasonic generator, piezo-electric 

transducer and horn to operate at a design frequency of21.5 kHz. In previous studies, 

the pumping and hammering action of ultrasonic wire vibration facilitate the debris 

and the gaseous particles to expel from machining zone (Guo et al., 1997). 

Fig~e 6.3. Schematic diagram of experimental setup for ultrasonic vibration of work piece in Wire­

EDM . 

. I 

The reciprocating movement of wire electrode creates acoustic pressure difference. 

This pressure gradient generates a shock wave propagates throughout the discharge 

gap. This same effect may be obtained if the ultrasonic vibration introduced to the 

work piece in place of the wire electrode. Ul~rasonic work piece vibration will help in 
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expelling debris and molten metal from the machined surface and machining corridor 

due to the inertial forces set. The Schematic diagram of experimental setup for 

ultrasonic vibration of work piece in Wire-EDM is shown in Figure 6.3. 

Ultrasonic pulse generator with the piezoelectric transducers assembly is used to 

create vibration. A suitable frame and housing were designed, which were important 

to oblige-the framework and appropriate working of the setup-to- stay away from the 

resonance. The following are the major components of the ultrasonic system. 

► Ultrasonic Generator & Piezo-electric transducer 

► Continuous and discontinuous Control system. 

► Cantilever plate with holding fixture. 

6.2.1. Ultrasonic Generator and Piezo-electric transducer: 

• 
High performance ultraso'nic transducer _with 21.5 kHz settled frequency and 120W 

Ultrasonic PCB was utilized to develop an ultrasonic mechanical vibration generator. 

A suitable horn was designed, which were important to oblige the resonance. The 

resonance with the ultrasonic vibration device was the basic issue; it turned out to be 

more urgent when b~stowed to workpiece in the traditional EDM system (Kumar et 

al., 2017a). These resonances developed clamors and oppose the fiuitful execution of 

ultrasonic vibration in ultrasonic vibration assisted EDM system. Piezoelectric 

transducer is made of both positive and negative components that adjust themselves 

within the sight of an electric field. This property makes them really change 

measurements. At the point when a substituting electric field is connected to the 

transducer, the material vibrates forward and backward and produces a ultrasonic 

vibration. Piezoelectric materials are the establishment of ultrasonic .sensors. 

Piezoelectric transducers were earlier made of piezoelectric gems, however are now a 

day made of ceramic. They deliver a wavelength that is double the measure of the 

component's thickness. 

106 



(a) (b) 

Figure 6.4. a) 21.5 kHz frequency transducer and; b) 120W Ultrasonic PCB 

Because of this, elements are cut to be ½ the size of the desired wavelength. This 

also means that thinner elements produce higher frequencies. The piezoelectric 

transducer is chosen which can operate at 21.5 kHz. Fig. 6.4 shows the (a) piezo­

electric transducer and(~) circuit plate which are parts of ultrasonic system. 

6.2.2. Continuous and discontinuous Control system: 

A self designed ultrasonic control system is used to control the type of ultrasonic 

vibration (i.e. continuous and discontinuous) as shown in Figure 6.5. 

Figure 6.S: Continuous.and disc;ontinuous vibration mode On/Off 

further ·Figure 6:6 shows the principle .of ultrasonic piezo-electric transducer m 

which .continuous and discontinuous ultrasonic vibrations are provided through the 

control ~f oscillator. The "Knob;' is provided to change the mode of vibration. 

. . . . . :_ . .... - . . . . . . . . . . . . . 

The continuous vibrations ar~ attained in defauH case, as and when discontinuous 

vibration is .needed the selector will control the · same through relay. In case of 

discontinuous vibrations, the high frequency electrical impulse from the generator to 

the transducer is discontinuous. Interval times are adjusted in terms of make and break 

frequency of the relay which is adjustable by electronic circuit with the gap of micro 
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half second. However the frequency of energizing the ultrasonic transducer has to be 
maintained at 21.5 kHz, being the resonant frequency of the transducer. 

This frequency remains same in both the modes. The frequency of discontinuity was 
achieved with customizable by an electronic circuit after trials. 

OSCILLATOR 

AMPLITUDE 
CONTROLAND 
AMPLIFIER 

Figure 6.6 Circuit diagram for Continuous and discontinuous vibration mode 

However the frequency of the ultrasonic transducer must be kept up at 21.5 KHz, 
remained same in both of the modes. 

_ .. --·~-

L.l.) 

·········· : •••• ~OU••••" 

L y 
Figure.6.7 Cutting edge of ultrasonic vibration actuator as a cantilever beam. 

This frequency is being measure with the help of high frequency oscilloscope. 

6.2.3. Cantilever plate with holding fixture: 

A steel strip was used to transfer the varying amplitude simply by changing the 
holding position of the work piece.The one end of steel strip was fixed to machine 
table and the other end was provided with a holding fixture for the work piece. The 
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programming for machining was done with the reference to the world coordinate 

system of CNC Wire-EDM machine tool. Also, dielectric fluid was flushed to the 

machining gap through nozzle jet from top and bottom. Each set of experiments were 

performed at room temperature in a narrow. temperature range (32 ± 2° C). 

A B C B 
.~ 

D 

A1[ ~J cl 1 
D1 

1-L, L1 ,1 

Figure 6.8 Varying amplitude with Cutting Edge Ultrasonic vibration as a cantilever beam 

The vibratory horn is placed 31.11 mm from the fixed end and cutting tip is 70mm 

from the fixed end. The output amplitude of Ultrasonic vibration of steel strip beam at 

point 'D' is 8µm fixed. 

Using triangular rule 

- -=-
DD1 ED 

AA1 = 18µm 

S No. Amplitude(µ m) Horizontal leilgth(inm)' 

1 AA1=l81,1m . . EA=31.l 1 

2 BB1=14 µm : .EB:=50.00 

3 CC1=IO µm EC=56.00-. 
.. 

6.3. Wire Electric Discharge Machine Tool : 

The experiments were carried out on a wire-cut EDM machine (ELEKTRA 

SPRlNTCUT 734) of Electronica Machine Tools Ltd. installed at CNC Laboratory of 
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Mechanical Department, JC Bose UST, YMCA Faridabad Haryana. The Wire- EDM 
machine tool shown in Figure 6.9 has the following specifications. The Figure 6.lO 
(a) and (b) shows Display Screen and Emergency Power off Button and Wire Feed Spool respectively. 

1. Pulse on Time: 

The pulse on time is eluded as Ton and it speaks to the span of time in miniaturized 
micro seconds, µs, for which the current is streaming in each cycle. Amid this time 
the voltage, VP, is connected over the terminals. The Ton setting time extend 
accessible on the machine apparatus is 100-131 which is connected in ventures of 1 
unit. The single pulse rate release vitality increments with expanding Ton period, 

. bringing about higher cutting rate. With higher estimations of Ton, be that as it may, 
surface roughness has a tendency to be higher. The higher estimation of release 
vitality may likewise cause wire breakage. 

a e ire- mac me too spec1 1cahons. 
T bl 61 w· EDM h. .fi . Design 

Fixed Column, Moving Table Maximum working current SO Ampere Input Mains Voltage 41SV±l0%, 3 phase, SO Hz. Open Gap Voltage 1-300 V Pulse-on Time 
I to 2000 ~1s Duty factor 
1-100 Fluid pressure 0.1-2.1 Kg/cm· Pulse frequency 0.07 to 300 KHz Maximum stock removal (Cu-Steel) 300 (cu.mm/min.) Best surface finish 0.5 micron CLA Electrode wear 0.3 %to20%. Power Factor Approx. 0.9 lag Power Consumption .. 

Aoorox. 7 .S KV A Weight 
Approx. 300 Kg P.ulse Generator MOSFETType Height 
1320mm · Width 
725mm Depth 450mm 
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Figure 6.9 Pictorial Views of Wire Cut EDM used for experimentation. 

Figure 6.10 (b) Display Screen and Emergency 

Power off Button. 
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Figure 6.10 {a) Wire Feed Spool 
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2. Pulse off Time: 

The pulse off time is eluded as T off and it speaks to the span of time in micro 
seconds, µs, be_t~een the two concurrent flashes. The voltage is truant amid this piece 
of the cycle. The.Ton-setting time run accessible on the machine instrument is 00 - 63 
which is connected in ventures of I unit. With a lower estimation of Torr, there is more 
number of releases in a given time, bringing about increment in the discharging 
efficiency. Therefore, the cutting rate likewise increments. Utilizing low estimations 
of T off period, be that as it may, may cause wire breakage which thus decreases the 
cutting effectiveness. As and when the discharge condition ends up insecure, one can_ 
build the T off time frame. This will permit bring down pulse duty factor and will 
decrease the average gap current. 

3. Peak Current: 

The peak current is represented by IP and it is the maximum value of the current 
passing through the electrodes for the given pulse. 

4. Spark Gap Set Voltage: 

The spark gap set voltage is a reference vo_ltage for the actual gap between the work 
piece and the wire used for cutting. The SV voltage range available on the present 
machine is 00 - 99 volt and is applied in steps of I volt. 

5. . _Wire Feed: · · 

Wire feed is the rate at ~hich the wire- electrode· goes aiong the wire direct way and 
is encouraged persistently to spark. The wire· feed go accessible on the present Wire­
EDM machine is 1- 15 m/min in ventures-of. Im/min. It is constantly attractive to set 
th~ wire feed tO . most ~xtreme: Thi; ~ill bring about less wrre breakage, better 
machining security and marginally all. the ~ore cutting rate. . . . . . . 

6. Wire Tension: 

Wire tension decides the extended of wire starched amongst upper and lower wire 
guides. This is a gram-proportionate load with which the consistently sustained wire 
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is kept under tension so it stays straight between the wire guides. Progressively the 

thickness of employment more is the tension required. Uncalled for setting of tension 

may bring about the activity errors and also wire breakage. 

7. Pulse Peak Voltage: 

Pulse-peak voltage setting is for selection of open gap voltage. Increase in the VP 

value will increase the pulse discharge energy which in turn can improve the cutting 

rate. 

8. Flushing Pressure: 

Flushing Pressure is for selection of flushing_input pressure of the dielectric. High 

input pressure of water dielectric is necessary for cutting with higher values of pulse 

power and also while cutting the work piece of more thickness. Low input pressure is 

used for thin work piece and in trim cuts. 

9. Servo Feed: 

Servo feed setting decides the servo speed; the servo speed, at the set value of SF, 

can vary in proportion with the gap voltage (normal feed mode) or can be held 

constant while machining (with constant feed mode). 

The ranges of process parameters for the experiments will be decided on the basis of 

literature survey and the pilot experiments using one factor at a time approach 

(OFAT). 
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CHAPTER 7 

PROCESS PARAMETER SELECTION AND 

EXPERIMENTATION 

In order to identify the process parameters that may affect the machining 

characteristics of Ultrasonic vibration assisted wire-EDM an Ishikawa cause and 

effect diagram was const11Jcted and shown in Figure 7.1. The input process 

parameters and output characteristics selected based on this cause and _effect diagram 

for the present work. 

7.1. Selection-of process parameters and their Range: 

In order to obtain high material removal rate, low surface roughness and better 

quality of surface morphology produced by Ultrasonic vibration assisted Hybrid 

Wire-EDM process; the working range of the various parameters was determined. 

Based on the critical review of literature, process variables of the Hybrid Wire-EDM 

were grouped in the following eight categories: 

• Machining Condition 

• Electrical Parameters 

• Material parameters 

• Wire Electrode Parameters 

• Ultrasonic vibration parameters 

• Mode of Vibration 

• Additional Assistance 

• Dielectric Parameters 

All the above processes parameters affect material removal a~d · surface · integrity 

produced by normal EDM process. The cause and effect diagram so developed 

illustrated the possible effect of the various process parameters on the material 

removal and surface integrity. 
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Cutting Rate 

Figure 7.2: Comparison of cutting rate(mm/min) in Normal Wire-EDM, continuous and discontinuous 

vibration assisted EDM for high Carbon high Chromium Steel (Peak current 120A, Servo voltage 

1150, pulse-on time I 20µs and duty cycle 62 %) 

7.1.1. Type of Vibration: 

The ultrasonic vibration assisted Wire-EDM has high cutting rate when it was 

compared with conventional Wire-EDM (having no vibration); this was proven by the 

pilot study of high Carbon high Chromiu:µi steel as shown in Figure 7 .2. 

Further pilot study showed that discontinuous vibration had significant effect as 

compared to continuous vibrations. The effect of type of vibration on high Carbon 

• high Chromium Steel for MRR is shown in Fig. 7.3. A possible explanation for the 

differences in the Wire-EDM and vibration assisted Wire-EDM was that mechanical 

ultrasonic vibration. If work piece made the gap vary very rapidly, a high frequency · 

alteroate pressure variation is generated [ Guo et al. ( 1997)]. Guo et al. ( 1997) 

endeavoured the wire vibration along and nonnal to the cutting direction and · 

vindicated 30% increment in cutting rate as well as diminishment jn surface 

roughness. Hoang and Yang, (2013) transferred ultrasonic vibration to work piece. 

The recognized that the ultrasonic vibration of workpiece brought some 1.5 times 

higher machining rate compared to that of wire vibration in Wire-EDM. They 

acquired cutting rate 2.5 times to that of the nonnal wire-EDM process and at the 

same time increase the wire cutting accuracy with minimum kerf width. 
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7.1.2. Amplitude of vibration and Peak current for cutting rate: 

The cutting rate of Hybrid wire-EDM is proportional to the discharge frequency 

during machining. The amplitude of vibration increases the acoustic pressure and that 

results in high ultrasonic field force. 

4 

3.5 

3 

c •e 2.5 

~ 
E 2 
.§. 
a: 
; 1.5 -20µm amplitude 

- No-vibration 

- I0µm amplitude 

0.5 - 15µm amplitude 

O-~----------------------
100 130 160 190 220 

Peak Current (Amp) 

Figure 7.3 Graphical presentation of Cutting rate variation vs. peak current 

· The acoustic pressure developed due to the acoustic discharge gap between the wire 

and workpiece caused by vibration of workpiece. The ultrasonic field force imparted 

the acceleration to the debris and gas bubbles, the intensity of acceleration 

proportional to the ultrasonic field force. This ultrasonic field force guides the debris 

and gas bubble .exhaust and suction of the fresh dielectric medium. This proposed 

experiment set-up ensured the · alternating gap variation that forced the debris and 

guided to . mixing properly, which enhanced the evacuation of debris and gas bubble. 

This .same sequence has been proposed in the ISM hierarchical model in Figure 4.3 

(Chapter 4). The ultrasonic vibration of work piece increased the number of effective 

discharge, The graphical representation of results for cutting rate vs. peak current at 

different amplitude is .shown m Figure 7.3 along the No-vibration. Peak current value 

varies in the range of 100-220 ampere in a regular interval of 30 ampere. Under No­

vibration condition the pattern of the curve is linear profile. It was observed that, a 

high value of peak current resulted in frequent wire breakage, although high cutting 
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rate was obtained That d h . . 

· was ue to t e high peak current produced larger discharge 

energy. But high cutting rate stimulation the debris concentration within the discharge 

gap, and resulted in secondary discharges. The secondary discharge did not allow the 

cutting speed to increase further with peak current, in fact, that reduced the cutting 

speed as shown Figure 7.3. The amplitude of vibration increased the cutting rate of 

Wire-EDM. The profile of the cutting rate curve at various amplitudes of vibration is 

bell shaped, but the peak of curve various with amplitude of vibration. The amplitude 

of vibration provided the flexibility to widen the range of peak current to work with. 

Higher cutting speed rate was obtained range of 14- l 6 µm amplitude of vibration. 

The acoustic pressure increased with the amplitude of vibration. Large amp.litude of 

vibration and low suction lead to cavitation bubbles, and a small amplitude and high 

suction lead to fragmentation of large pieces debris. This phenomenal increased the 

gas bubble and debris concentration in gap and reduced the cutting rate at high 

amplitude o~ vibration. High amplitude of vibration also provoked the arcing and 

short circuit, it was observed that due the increase~ frequency of wire breakage. 

Han et al. (20 I 3) studied the effect of workpiece as a horn ultrasonic vibration in 

wire EDM, and discussed the effect of workpiece vibration on kerf width, machining 

rate and surface fmish. They observed 10% improvement in machining rate, · but 

ironically surface roughness also increased with that. In an exclusive work carried out 

by Nani V. M., (2017), concluded that wire vibration increase the intensity of 

dielectric liquid breakdown. The hammering action caused by an ultrasonic field to 

that debris helped in improving the surface finish. The outcomes built up in this pilot 

run that better machining yield for ultrasonic vibration could be obtained in traditional 

Wire-EDM by work piece as compare to wire. 

7.1.3. Amplitude of vibration and Peak current for Surface morphology: 

The surface roughness, Micro-hole & micro crack variables have the highest 

dependent coefficient. The residual stresses, heat affected zone and the micro­

hardness developed for surface come in second level. In this study, residual stress 

measured to confirm the proposed ISM model. The High amplitude of vibration 

caused vast pressure difference between the wire anode and the work piece. This 

pressure gradient prompts a pumping and mixing of dielectric in discharge gap. 

Although amplitude of vibration improved the flushing of debris and gas bubbles but 
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at higher amplitude of this vibration decline surface morphology as; the pace of debris 

evacuation lingers behind the debris aggregation. It could be observed from an ISM 

model that there existed a significant connection between surface morphology, 

amplitude of vjbration and peak current. The discharge wave distribution and arcing 

and short circuits were the element of discharge energy, increase with the amplitude 

of vibration. The compressive residual stresses were the warm generation of the 

temperature gradient of re-solidified metal on the machined surface. 

300 

250 -2oµm amplitude 

-No-vibration 
Ill 
D. 
~ 200 

"' 

- I0µm amplitude 

-lSµmamplitude 
(IJ 

"' "' (IJ 150 ... ... 
"' "iij 
:l 
-0 

100 "iii 
(IJ 
a: 

50 

0 
100 130 160 190 220 

Peak Current (Amp) 

Figure 7.4. Graphical presentation of residual stresses variation vs peak current 

-These residual stresses produced in the EDMed surface because of metallurgical 

~ha~ges and non-homogeneity of the heat stream. The strong flushing impact ascribed 

. to higher amplitude ofvib~ati~n to lessen the heat_ concentration and re-solidification. 

K.hosrozadeh & -Shabgard (2017) determined the pattern of r~sidual stresses of 

ultrasonic vibration assisted Die-sink EDM and conclude that the stresses decreased 
. . . 

. . 

_ with the amplitude; however. when increment_ pasted certain limit the imp~ct was 

inverted. The compressive residual stresses were · measured during the 

experimentation, thes~ ccimpressi~e ~~sidual stres~es· increased with ~he peak current. 

Figure 7.4 shows graphical variation of residual stresses ·variation vs. peak current, 

with increases in amplitude of vibration the residual stress decreased. The maximum 

deviation in residual stresses is obtained at I Sµm and minimum at 20µm. Figure 7.5 

to 7.8 represent the 2D, 3D, distortion ring and peak strength of experimental results 
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at No-vibration, lOµm amplitude of vibration, 15µm amplitude of vibration and 20µm 
amplitude of vibration respectively. The results confirm that the residual stresses 
developed in the wire - EDMed surface area of compressive nature. The magnitude of 
stresses decreased with the application of ultrasonic vibration. The variance of 
residual stresses with the amplitude of vibration is non-uniform. The maximum 
reduction in residual stresses was observed at I 5µm amplitude of vibration. At low 
amplitude of vibration the variation in residual str~ss was marginal. The amplitude of 
vibration helped in uniformlizing the discharge wave distribution in the discharge gap 
and reduced the arcing and short circuit. This phenomenon reduced the discharge 
energies and resulted less residual stress, micro-pin holes and micro-cracks . 

. Figure 7.5. Full 2D and 3D debey ring and its residual stresses profile with peak current 160 amp and pulse on time 100, Pulse off time 50, Servo Voltage 1150 units at No-Vibration; Residual stress= 
176MPa 

120 



co Hoc non Hnn co Hoc non Hnn 
, 00 o-t-- ----+---~ 100 0-+-- ----+---~ 

Figure 7.6 Full 2D and 3D debey ring and its residual stresses profile with peak current 160 amp and 

pulse on time 100, Pulse off time 50, Servo Voltage 1150 units at J0µm amplitude of vibration; 

Residual stress= I 70MPa 

Figure 7. 7 Full 2D and 3D debey ring and its residual stresses profile with peak current 160 amp and 

pulse on time 100, Pulse off time 50, Servo Voltage 1150 units at l5~tm amplitude of vibration; 

Residual stress= I 39MPa 
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Figure·7.8 Full 2D and 3D debey ring and its residual stresses profile with peak current 160 amp and 
pulse on time 100, Pulse off time 50, Servo Voltage 1150 units at 20µm amplitude of vibration; 

Residual stress= l 49MPa 

Distorted 3D Debye-SGherrer ring profile portrayed the damaged workpiece surface 

and high compressive residual stresses. With the amplitude ofultrasonic vibration, the 

uniformity of the 3D Debye ring was comparatively high. The uniformity in distortion 

ring was an indication of smooth crater size, and healthy surface morphology of 

machined surface with less residual stresses. 

7.i. Wor-kpiece Material: 

For Phase-:11: The workpiece material AISI D3 steel a high carbon-high chromium 

die • steel · extensively · used 111 dies and mold industry was used for the 

· experimentations, 

.. 
-~ 

. .,.:,#.{ 

Figure 7.9 AISI D3 steel Materials Cut for Phase-II experimentat ion 
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The 18 examples were cut to cuboids shape with 4XI0X20, 7XIOX20, 10XI0X20 

mm
3 

six each on Wire-EDM shown in Figure 7.9, and after that confronted and 

ground with diamond grinding wheel. Chemical composition of workpiece material 

and main mechanical properties has been listed in Tables 7.1. The mechanical 

properties at room temperature for AISI D3 are given in Table 7.2. 

Table 7.1. Chemical composition of workpiece material phase-II {AISI D3 steel). 

% weight composition of Components 

C Si Mn Mo P S V W Cr Ni 

1.55 0.30 0.35 0.75 0.03 O.o3 0.90 10.41 0.30 

AISI D3 is a high carbon-high chromium steel produced for applications requiring 

high protection from wear or to scraped spot and for protection from overwhelming 

pressure as compare to sudden stun. 

Table 7.2. Properties at room Temperature for AISI D3 

Young's Modulus, E(GPa) 

Ultimate Tensile strengtb(N/mm2) 

Yield Strength(N/mm2) 

Poisson's Ratio 

Rockwell Hardness 

Density Kg/m3 

Thermal Expansion (I 06/JC) 

210 

2010 
2150 

0.27-0.30 

62 

7700 

12 

As a result of these characteristics and its non-disfiguring properties, D3 is top notch 

for die work on long creation runs. It is basically oil- hardening steel, and it solidifies 

to an awesome depth. 

The production from a die after each grind is consistently uniform. While the impact 

strength is comparatively low, by proper adjustment of tool design and heat treatment, 

this steel has been used successfully for punches and dies on quite heavy material (up . 

to ¼ inch thick). 

For Phase-ID: In this phase, the AISI D2 high carbon high chromium Cold Work 

Tool steel workpiece material was chosen .. The 32 specimens were cut to cuboids 

shape with 10XI0X24 mm3 on Wire-EDM as shown in Figure 7.10 and then faceq 

and ground with grinding wheel. Chemical composition of workpiece material and 

principle mechanical properties has been recorded in Tables 7.3 and 7.4, separately. 

Table 7.3 Chemical composition of workpiece material {AISI D2). 

% weight composition of Components 

C Si Mn Mo p s V w Cr Ni 

2.01 0.67 0.34 2.0 0.03 0.03 1.00 1.00 12.00 0.30 
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1ox1ox20 mm3 

Figure 7.10 AISI D2 tool steel Materials Cut for Phase-III experimentation 

AISI D2 Cold Work Tool Steel is air or oil hardened with maximum dimensional 
' 

stability during heat treatment, offering very high hardness and abrasion resistance. 
Generally supplied annealed to HB 250 max. 

Table 7.4 Properties at room Temperature for AISI D2 

Young's Modulus, E(GPa) 210 
· Ultimate Tensile strength(N/mm2) 1900 
Yield Strength(N/mm2) 2150 
Poisson's Ratio 0.27-0.30 
Rockwell Hardness 64 
Density Kg/m3 7700 
Thermal Expansion (106/0C) 10.7 

Typical applications of AISI D2 are Deep drawing and forming dies, cold drawing 
punches, hobbing, blanking, lamination and stamping dies, shear blades, burnishing 
rolls, master tools and gauges, slitting cu·tters, thread rolling & wire dies, extrusion 

dies etc. 

7.3. Response Characteristics: 

. . . . . . .· . . . · .. . . ' . 

The effect of selected· process parameters was studied on the following response 

characteristics of Hybrid Wire-EDM process: 

• Cutting Rate (CR} I Material Rerrwval Rate .(MRR) 

• Surface Roughness (SR) . 

• Residual Stresses . 
7.3.1. Cutting Speed (CS)/ Material· Reinoval Rate (MRR): 

For Wire-EDM, cutting rate is a desirable characteristic and it should be as high as 

possible to give least machine cycle time leading to increased productivity. In the 
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present study cutting rate is a measure of job cutting which is digitally displayed on 

the screen of the machine and is given quantitatively in mm/min (Figure 6.10). 

Material removal rate was calculated by measuring the cutting rate and then 

multiplying it with the length of the cut. 

For Wire-EDM, cutting rate is an alluring trademark and it ought to be as high as 

conceivable- to give slightest machine process duration prompting expanded 

efficiency. In the present investigation cutting rate is a measure of occupation cutting 

which is carefully shown on the screen of the machine and is given quantitatively in 

mm/min (Figure 6.10). Material evacuation rate was figured by estimating the cutting 

rate and afterward increasing it with the length of the cut. 

7.3.2. Surface Roughness (SR): 

Surface roughness is the measure of the fine surface anomalies in the surface. These 

are the aftereffects of the EDM procedure utilized to make the surface. Surface 

irregularities are connected as the arithmetic average deviation of the surface valleys 

and pinnacles communicated in micro-meters. The parameter for the most part 

utilized for general surface roughness is Ra. It gauges normal surface texture 

irregularities by contrasting every one of the pinnacles and valleys with the mean line, 

and after that averaging them everywhere throughout the whole cut-off length. Cut-off 

length is the length that the stylus was hauled over the surface; a more drawn out cut­

off length will give a more normal esteem, and a shorter cut-off length may give a less 

exact outcome over a shorter stretch of surface. In this work the surface roughness is 

estimated by Taylor Hobson Surtronic 3+ profilometer. Before taking estimations for 

surface roughness, the work piece was cleaned with acetone (C3H60) solution. The 

surface analyzer is a shop- floor composes compact surface-roughness estimating 

instrument, which follows the surface of different machine parts and computes the 

surface roughness in light of roughness gauges, and shows the outcomes in µm. The 

work piece is appended to the finder unit of the Surtronic 3+ profilometer which 

follows the moment abnormalities of the work piece surface. The horizintal stylus 

dislodging amid the follow is prepared and digitally displayed on the display of the 

instrument. 

125 



Figure 7. i l Surface Roughness Tester (Taylor Hobson Surtronic 3+ profilometer) 

The surf test has a determination differing from 0.01 µm to 0.4 µm relying upon the 
estimation go. The roughness esteems are taken by averaging no less than three 
estimations for each specimen at various areas of specimen. Figure 7.11 demonstrates -
the -sw:face roughness-analyzer utilized for the measure of surface unpleasantnes~. 

7 .3.3. Residual stresses: 

In this work the ponable X-ray Residual Stress Analyzer µ-X360, a non-destructive 
X-ray analyzer of Pulstec Industrial Corporation Limited shown in Figure 7.12 is used 
for measuring the residual stress in Wire-EDMed machined surfaces. 

Figure 7.12 Portable X-ray Residual Stress Analyzer (µ-X360FULL 2D X-ray detection) 

This analyzer can measure the stress efficiently by detecting the full De bye. ring data. 
from a single incident X-ray angle and Non goniometer stage influence on · the 
measurement result. Measurement conditions fo.r resic;iual stresses ·in · -present 
experiment are demonstrated in the Table 7.5. 

Table 7.5. Measurement Condition 
Measurement 
Measurement area 

Pitch 
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Units 
All (3.000 -
30.000) 
50 [um] 



X-ray irradiation 
time(Setup) 
X-ray irradiation 
time(Meas.) 
X-ray irradiation 
time(Max) 
X-ray tube current 
X-ray tube voltage 
Sample distance(Monitor) 
Sample 
distance(Analysis) 
X-ray incidence angle 

Offset of alpha angle 
X-ray wavelength (K­
Alpha) 
X-ray wavelength (K­
Beta) 
X-ray tube total use time 

Detection sensitivity 
Level of ambient light 
Correction coefficient 

Valid range of alpha angle 
Peak analysis method 

30 [sec] 

30 [sec] 

120 [sec] 

1.00 [mA] 
30.00 [kV] 
39.000 [mm] 
39.263 [mm] 

35.0 [deg] 
0 [deg] 
2.29093 [A] 

2.08480 [A] 

106.83 [h] 
(384601 
20.3 [%] (174204) 
0.2 [%] 
0.00xx + l.00x + 
0.00 
18.00 <---> 90. 
Fitting Lorentz 

Compact, light-weight and portable for non-destructive measurements-designed for 

stress analysis, whether on-site measurement including large structures such as 

pressure vessels, or work-shop and laboratory based analysis. Low operational power 

and air cooled X-ray source. It is safe to operate and environmentally friendly. 

These residual stresses developed during Hybrid-WEDM play a vital role in surface 

morphology of workpiece. These stresses are the major factors for the failure of any 

component. The extensive empirical testing and analysis of these stresses is the key 

for the success of any product. In this study, the residual stresses developed on the 

. machined surface were measured using advanced X-ray Cos a Method. In comparison 

t~ Sin2'1' residual stress measurement method, the Cos a method requires only a single 

angular measmement for complete analysis. This advanced method is based on the 

calculation of stain within crystal structure in certain plane. There exist a clear 

relationship between diffracted X-Ray and the inter-plane spacing of crystal lattices in 

a particular atomic plane. A stressed crystalline structure material surface results in 

change in wave length of the diffracted X-ray beam because of elongations and 

contractions within the crystal lattice. The inter-planer spacing ( d) of certain crystal is 

utilizes as the gauge length for measuring strain. When particular wavelength X-ray 
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incident on crystall · . . 
me gram that satisfies Bragg's law gets diffracted and fonn as a 

cone around the axi f · "d 
s O mc1 ent ray. This is because of the varying orientation of 

crystalline grain Ac d · , 
.- cor mg to the Bragg s law, a numerical relationship between 

incident X-ray and th · t 1 . . 
e lil er-p aner spacmg of a crystal could be expressed as equation 

(7.1 ); 

n.1 = 2d sin0 ........ (7.1) 

Where 'n' = An integer represents "order" of reflection 
' 

)...= The X-rays wavelength, 

d = The inter-planar ~acing o(_the crystal, 

0 = The incidence angle/diffraction angle 

When a crystalline structure is under the stress, X-ray incident angle 'Vi is 

smaller and therefore the magnitude of Strain (ci) developed can be expressed as 

equation (7.2); 

... (7.2) 

Where di= Initial inter=planar spacing of the crysta~ and dF Final inter-planar 

spacing of the crystal after machining. The magnitude of strain developed is 

calculated using fonnula in equation (7.3 & 7.4) by acquiring the full Debye-Sherrer 

ring with a position detector sensor (Ashyralyev, 2010). The strain increases as a 

result of increase in (dr) and there by decrease (0) in equation (7.22). The residual 

stresses are calculated from the change of diffraction normal angle ('V) as shown in 

Figure 7.13. 

(7.3) 

(7.4) 
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l+V • 2 • 2,/1 
Ea1 = E C5x, sm 1J , sm 'f'i. cos a 

(7.5) 

l+v . 2 . ,I, . 
Ea2 = ETxy. sm r, . sm 'f'i .. sm a 

(7.6) 

-- E £a1 
C5x ------- --

(1 +v)sin 217 .sin 21/1{ · cos a 

(7.7) 

Where; Ea = Strain measured in the direction of a, 

E n+a = Strain measured in the direction of n+a, 

Ea1 = Strain measured in the vertical direction, 

Ea2 = Strain measured in the horizontal direction, 

<Jx = Residual axial stress, 

Dlffrocttd X-roy li!, 

Dlffractlns sam~• Surface 

~--+--t-~ Crys\al lattice no-stress 

f_ ___ .:._:~f-7'--.Csyrtal~ttlc•undeMlr<n 

figure 7 .13. Geometric representation of the. cos( a) geometry using a 2D Single position of detector. 

l'xy = Residual shear stress, 

v = Poisson's ratio, 
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E = Young's·Modulus of Elasticity, 

'Pi = Diffraction normal angle, 

a = Azimuth angle ofDebye-Sherrer ring, 

11 = Angle between Debye-Sherrer ring axis and the sample diffraction 

detector of X-ray, 

This diffracted cone shape around the axis is the Debye-Scherrer ring. The full 

Debye-ScheITer ring is procured by a single short duration X-Ray presentation. The 

residual stresses are determined by precisely estimating the position of the Debye­

Scherrer rings; their positions are an immediate measure of strains Ea1 and Ea2. The 

residual stresses can be calculated. with the formula expressed in equation (7.6 and 

7.7) (Peterson et al., 2017). 

7 .4. Scheme of Experiments: 

The entire experimental investigation is divided into two phases. The choice and 

selection of the parameters in each phase is decided by considering the objective of 

that particular phase. 

7.4.1. Scheme of Experiments (Phase-II): 

The experiments in this phase are designed to study the effect of some of the Hybrid 

Wire-EDM parameters on response characteristics. Taguchi parametric design 

methodology was adopted in this phase. Table 7.6 shows the process parameters 

selected and their range available and their values at different levels. 

Table 7.6 The controlled earameters and their Levels of exeerimental design (Phase-II) 

Parameters Levels 
Factors Levell Level2 Level3 

A Type of Vibration Continuous Discontinues 

B 
Amplitude of Work piece 

10 14 18 Vibration 
C Peak Current 100 140 180 
D Duty Cycle(Pulse off Time) 66% 72% 78% 
E Thickness of wok piece 10 7 4 
F Wire Feed Rate 5 8 l l 
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7.4.1.1. Selection of Orthogonal Array (OA) and Parameter Assignment: 

Before selection a particular OA to be used as a matrix for conducting the 

experiments, the follo~ing two points were considered as suggested by Ross (1996) 

and Roy (1990): 

• 
• 

The number of parameters and interactions of interest 

The number of levels for the parameters of interest 

The non-linear behavior, if exist, among the process parameters can only be studied 

if more than two levels of the parameters are used. Therefore, each parameter was 

analyzed at three levels. In .this phase T~guchi's mixed level design is selected as it is 

decided to keep two levels of type of vibration. The rest five parameters are studied at 

three levels. Two level parameters has 1 DOF, and five three level parameters have 

10 DOF, i.e., the total DOF required will be 11[= (1*1 + (5*2)]. The most appropriate 

orthogonal array in this case is L18 (2
1 *37

) OA with 17 [=18-1] DOF. Standard L,s 

OA with the parameters assigned by using linear graphs is given in Table 7.7. The 

unassigned columns were treated as error. For each trial, experiments were replicated 

three times. 

Table 7.7 The L18 (2
1 * 37

) OA (Parameter_s assigned) with Response (Phase I) 

Ex Run 
Parameters Trail Cqnditions 

Responses SIN 

p. ord (Raw Data) . ratio 

No. er A B C D E F G H Rl R2 R3 (db) 

1 2 3 4 5 6 - -
- - .. 

1 15 1 1 1 1 1 1 1 l Yl Yl2 Yl3 SIN (1) 
1 

2 8 1 1 2 2 2 2 2 2 Y2 Y22 Y23 S/N (2). 
1 . . . 

3 3 I l 3 3 J 3 3 3 - - . a -

4 9 I 2 I 1 2 2 3 3 - . . - - -

5 I I . 2 2 2 · · 3 ·J . 1 . 1· " - - -

6 7 1 2 3 3 I 1 2 2 - - · - -

7 16 I 3 1 2 1. 3 2 3 - - - " 

8 12 1 3 2 - 3 2 1 3 1 - - 7 -

9 5 1 3 3 1 3 2 1 2 - - - -

10 11 2 1 1 3 3 2 2 1 - . - - -

11 14 2 1 2 l 1 3 3 2 - .- - -

12 18 2 I 3 2 2 1 1 3 - - - -

13 2 2 2 1 2 3 1 3 3 - - - -

14 17 2 2 2 3 I 2 1 1 - - - -

15 13 2 2 3 I 2 3 2 2 - - - -
16 4 2 3 I 3 2 3 1 1 - - - -
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17 10 2 3 2 I 3 I 2 2 - - - -18 6 2 3 3 2 I 2 3 3 YI Yl8 Yl8 SIN (18) 
81 2 3 Tot 
I: I: I: al 

RI, R2, R3 represent response value for three repetitions of each trail. The l ' s, 
2' s and 3's represent levels I, 2, 3 of the parameters, which appear at the top of 
the column. (--) represents no assignment in the column. Yij are the measured values of the quality characteristics (response). 

7.4.1.2. Experimentation {Phase-II): 

In phase-II, six process parameters viz. type of vibration, amplitude of vibration, 
workpiece thickness, peak current, duty cycle and wire feed rate were selected which 
are shown in Table 7.6 and the other parameters were kept constant. Experiments 
were conducted according to the test _conditions specified by the L18 OA (Table 7.7). 
Taguchi recommends the use of SIN ratio to measure the quality characteristics 
deviating from the desired values. The quality characteristic for cutting rate is taken 
"higher the better" and for surface roughness and residual stresses, it is taken as 
"lower-the better". The SIN ratio for the "higher-the-better" ·equation (7.2) and 
"lower-the-better" equation (7.3) of response can be computed (Ross, 1996; Roy, 
1990) as: 

[ 
I • _, ] (S IN ) 118 = -10 log -I: (Y

1 
- ) 

R /• I .... 7.2 

( S I N)LB = -10 log -I; (Y 1 ) [ 
I R 2 ] 

R / •I 
. . .. 7.3 

Where, Yj (j= 1, 2, 3 ...... . n) is the response value under the trail condition repeated R 
times. 

Analysis_ ·of Variance (ANOV A) was performed to identify the process parameters 
t hat · were statistically significant. With the SIN and ANOV A analyses, the optimal 
combination of the process parameters was predicted. Each experiment was repeated 
three times in each of the trail conditions. In each of the trial conditions and for every 

.. replication, the· MRR, SR and residual stresses are measured. The cutting rate, surface 
roughness and residual stresses response characteristics are given in Table 7 .8. 
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Ex 
No 

I 

2 

3 

4 

5 

6 

7 

8 

9 

10 

II 

12 

13 

14 

15 

16 

17 

18 

a e -T bl 7 8 E I I xpenmenta p an an dR esu ts of performance characteristics 
Amplitude Wire 

Type of Peak Duty Workpiece Response for Erosion Rate 
of Feed 

Rcspmsc for Residua] 

Vibntion Cumnt Cycle Thjckncss (mm/min) SITCSS (MPa) 
Response for SR (µm) 

Vibralion Rate 

A B C D E F RI R2 RJ RI R2 RJ RI R2 RJ 

C 10 100 66 10 5 0.43 0.45 0.46 198 185 198 1.22 1.32 1.38 

C 10 140 n 7 8 2.9 2.82 2.98 252 260 266 3.02 3 2.98 

C 10 180 78 4 II 5.22 5.32 S.26 292 295 287 3.22 3.86 3.76 

C 14 100 66 7 8 2.39 2.41 2.45 134 136 142 1.62 1.84 1.76 

C 14 140 n 4 II 4.63 4.65 4.54 225 256 265 3.1 3.02 3.11 

· c 14 180 78 10 5 3.52 3.51 3.47 302 310 305 3.18 3.53 3.43 

C 18 100 72 10 II 1.45 1.47 1.43 235 234 220 1.68 1.36 1.47 

C 18 140 78 7 5 2.76 2.78 2.66 226 227 216 2.36 2.96 2.52 

C 18 180 66 4 8 4.16 4.18 4.08 284 298 286 3.5 3.06 3.42 

D 10 100 78 4 8 3.51 3.58 3.45 291 287 268 3.32 3.08 2.98 

D 10 140 66 10 II 1.92 1.88 1.92 193 218 265 J.S6 1.62 1.58 

D 10 180 72 7 5 3.75 3.83 3.77 268 243 243 2.96 2.64 · 2.84 

D 14 100 72 4 5 3.63 3.75 3.65 175 183 234 !,6 1.52 

D 14 140 78 10 8 4.45 4.57 4.73 221 226 231 2.06 1.86 

D 14 180 66 7 II 3.53 3.75 3.79 126 134 136 1.58 1.6 

D 18 100 78 7 II 2.76 2.88 2.78 170 167 174 2.06 1.66 

D 18 140 66 4 5 3.37 3.49 3.36 231 154 167 1.9 1.72 

D 18 180 72 10 8 4.23 4.35 4.24 267 265 284 1.65 2.06 

7.4.2. Scheme of Experiments (Phase-Ill): 

In this phase, five process parameters viz. amplitude of vibration, peak current, 

pulse-on time, Pulse of Time, wire feed rate were selected for the purpose of 

investigating their effect on the response parameters of Hybrid Wire-EDM process. 

Thirty two pieces were processed according to the central composite design for five 

variables. In each of the trial conditions for every replication, ·the MRR and SR were 

measured. The MRR and surface roughness response ch~acteristics were given in 

Table 7.12. For the proposed experimental work, RSM approach has been adapted for 

developing the numerical equation of correlation for quality characteristics of Hybrid . 

Wire-EDM process. High carbon, high chromium D3 tool steel was selected for 
. . . 

conducting experiments, as this was used extensively in blanking and forming dies · 
. . . 

industry. In applying RSM, the _indigent variable has been seen as a surface to which a 

numerical model was fitted (Myers, R. H., & Montgomery; -1995). For the. e~p~si~n 
. . . . 

of regression equations or correlation related to SR and MRR has been considered as· 

the second order response surface as in equation (7.4): 

k k 2 

U=b0 + Lb;v; + Lb;;vf + Lbijv;vj±e, ..... (7.4) 

i=I i=I i<j=2 
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Quantitative response surface equation [U] for Hybrid Wire-EDM was obtained by 

substituting numerical values of the ' v-•s and ' .. • hich b♦-=---1 analvt-ically . , v q s w wece o 'ldll.lCU J~ -

Equation (?.4) for surface response [U] contains linear, squared and cross product 

terms of variables vi's. The choice and advancement of fitting response surface 

mode]s were accomplished with the help of software programming in Design Expert 

(DX-11 ). The detailed design summary of statistical software used for this study is 

given in Table.7.9. 

Table 7. 9 Design Summary for statistical software used 

Response Uniis Obs Anal)'Sis Mio M,u Mean Sid. Ratio I Trans Modd 
Dev. Mt:131 rCUIO\-al 

Ralua:d 
ratc (MRR) mm2/min 32 Polynomial 1.89 26J9 1455 733 13.96 Nooe °'""""tic Surface 

. 

Rougbne;s 32 Nooe 
Rcmccd µm Polynomial 1.02 2..6-1 152 0.4979 2..59 Quadratic (Ra) 

File Vcr~on 11.0J.0 
Studv Tvne R....,,,,nsc Suriacc s...t.ypc 

Design Type Ccoual 
Composite Rtms 

The parameter ranges and their corresponding levels with coded values that are used 

in present RSM approach given in Table 7.10. The coded values of variables were 

decided in experimental design matrix by the extreme values of variables using 

Equation (7.5). 

Table 7 .10 Process Parameters range and their Levels 

S.N Syrnb 
Parameters 

Levels Coded 
0 ol (-2) (-1) (0) (+ l) (+2) values 
l B Peak Current 100 105 110 115 120 
2 c . Put~ On Time- 70 90 110 130 150 
3 D Pulse offTime 52 · · 49 46 43 40 Real 
4 . A Amplitud_e of 0 6 12 18 24 Values 

.Vibr:ation · 
.5 E Wire.Feed Rate - . 0 6 .. 12 18 24 
Type of Vibration: Ultrasonic vibration-21.5 KHz; Work Material: High-carbon 
High-chromium b3 steel; Polarity. Positive; Dielectric Fluid: Distilled water; 

7.4.2.1. Coding of Variables: 

The coded values of variables as required in experimental design matrix (Table 7 .11) 

can be ·found, · once, the extreme values cif variables are decided. The coded values 

have been found out using the following transformation equation (7.5): 
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Zi = pi+ qi Xi for i= 1 ,2, 3 . ...... .. .... k 
. . .. (7.5) 

Where 
Zi = coded values of variables 
Xi= real values of variables 

Pi and qi = Values of coefficient determined to satisfy the extreme values of real 

variables at the extreme ends of scale of coded variables i.e. -2 and 2 for five 

variables. The values of the process parameters at the desired levels have been given 

in Table 7.10, the experiment conditions are specified in Table 7.12. 

Table 7.11 Coded Values and Real Values of the Variables (Phase III) 

Ex.No. A B C D E 
Code 

Coded Coded Coded Coded 
d 

I -I -I -I - I I 
2 I -I -I -I -I 
3 -I I - I - I I 
4 I I -I -I -I 
5 -I -I I - I I 
6 I -I I -I - I 
7 -I I I -I I 

8 I I I -I -I 
9 -I -I - I I I 

10 I -I -I I -I 

II -I I -I I I 

12 I I -I I -I 

13 -I -I I I I 

14 I -I I I -I 

15 -I I I I I 

16 I I I I -I 

17 -2 0 0 0 0 

18 2 0 0 0 0 

19 0 . -2 0 0 0 

20 0 2 0 0 0 

21 0 0 -2 0 0 

22 0 0 2 0 0 

23 0 0 0 -2 0 

24 0 0 0 2 0 

25 0 0 0 0 -2 

26 0 0 0 0 2 

27 0 0 0 0 0 

28 0 0 0 0 0 

29 0 0 0 0 0 

30 0 0 0 0 0 

31 0 0 0 o· 0 

32 0 0 0 0 0 

7.4.2.2. Experimentation precaution: 

While performing various experiments, the following precautionary measures were 

taken. 

1. To reduce the error due to experimental setup, each experiment was repented 

three times in each of the trail conditions. 
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2. The order and replication of experiment was randomized to avoid bias, if any, 

in the results. 

3. Each set of experiments was performed at room temperature in a narrow range 

(32±2°C). 

4. The workpiece was cleaned with acetone before taking any measurement. 

The experimental data of 32 runs at random were collected for a standard second-

order experimental design called face-centered central composite design (CCD). 

Table 7.12 Experimental trail conditions and results of response characteristics (MRR and SR) 

Factor A FoctorC Foctor D Fnctor E FactorB 
Response Response 
RI R2 

Sid, Run Amplilude Onler order reok rulse on Wire Feed 
Curren! Time Pulse off of 

Role 
MRR SR (µm) 

(Arnp) (11s) Time (lis) Vibralion 
(nun/min) 

(mm'imin) 
( m 

10 I 150 100 40 24 12 12.29 1.21 
13 2 70 100 52 24 12 8.96 I.I I 
19 3 110 90 46 12 8 5. 17 1.14 
4 4 150 120 40 0 12 21.91 2.64 
5 5 70 100 52 0 4 1.89 1.13 
3 6 70 120 40 0 4 8.12 I.SI 
8 7 150 120 52 0 4 11.84 1.45 
.IO 8 110 130 46 12 8 24.67 2.31 
26 9 110 110 46 12 16 11.61 1.39 
16 10 150 120 52 24 12 19.82 2.25 
27 I I 110 110 46 12 8 22.23 1.34 
I I 12 70 120 40 24 12 9.56 1.16 
6 13 150 100 52 0 12 9.53 1.54 
9 14 70 100 40 24 4 11.21 1.25 
I 15 70 100 40 0 12 4.83 1.34 
18 16 190 110 46 12 8 26.39 2.55 
32 ,, ., 110 110 46 12 8 23.89 1.26 
15 18 70 120 52 24 4 10.36 1.25 
17 19 30 110 46 12 8 7.38 1.14 
21 20 110 11 0 34 12 8 19.59 2. 18 
25 21 110 110 46 12 0 13.89 1.43 
30 22 110 110 46 12 8 20.12 1.23 
31 23 11 0 110 46 12 8 23.28 1.39 
12 24 ISO 120 40 24 4 23.52 2.43 
28 25 11 0 11 0 46 12 8 21.28 1.27 
14 26 150 100 52 24 4 6.87 1.02 
23 27 110 110 46 · -12 8 12.12 1.59 
2 28 150 100 40 0 4 18.38 2.49 
7 29 70 120 -52 0 12 5.89 1.25 
29 30 110 · 110 46 12 8 23.93 1.22 
24 31 110 110 46 36 · 8 20.34 1.17 
22 32 110 110 58 12 8 4.88 1.12 
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